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SUMMARY 

A study has  been s tar ted which has  as i t s  goal the synthesis of boron 

carbide whiskers,  their  characterization in t e r m s  of chemical and physical 

propert ies ,  and the utilization of such whiskers in composities. 

Boron carbide whiskers have been grown successfully both by 

evaporation f rom pure B C vapor and by a chemical method based on the 
4 

flow of appropriate gases over a heated substrate. 

whiskers were grown by the pure vapor method. 

required to grow B C whiskers,  along with a description of the experimental 

equipment used, are presented. 

history of whisker growth and their  properties in general. 

advantages which could be realized if B C whiskers can be grown and utilized 
4 

effectively in composites a r e  discussed. 

Thus f a r ,  the best  

The experimental conditions 

4 
Included in this progress  report  is a short  

The expected 

Future work wi l l  include a detailed study of whisker growth parameters .  

This wil l  be done so that the optimum growth procedure for reproducibly high 

strength whiskers can be established. Such whiskers a r e  necessary for sub- 

sequent studies of their  chemical and physical properties pr ior  to their  

incorporation into high strength composites. 

1 



I. INTRODUCTION 

The severe thermal  and stress problems associated with space 

applications has limited large advances in  design and efficiency of 

engineering s t ructural  mater ia ls .  

light weight mater ia ls  for space s t ruc tures ,  

the space materials problem, as pertains to tension s t ruc tures  at least, 

would be the use of composite materials which could exhibit properties that 

no single material  possesses.  It has  been deduced") that significant 

reduction in weight (as much as 8070) could resu l t  i f  ultra-strong fi laments 

could be utilized in a composite material. 

gained with alumina whiskers embedded in  si lver.  Such composites have 

been tested at 1600 F, which is  9370 of the melting point of si lver.  These 

mater ia l s  were found to withstand an  82,000 p s i  tensile s t r e s s .  A further 

advance in high strength silver composites, as an  example, could be. 

achieved if  B C whiskers were available. B C combines a high melting 

point and modulus of elasticity. 

to-weight ratio, greater  than any material previously considered. 

data to illustrate this fact are presented in  Table I. 

a strength-versus -test  temperature curve determined for CL - alumina 

whiskers by Brenner. 

higher melting point, would be expected to have similar room temperature  

properties but i t s  elevated temperature strength probably would not drop as 

rapidly. 

strength to nearly 4500 F ,  whereas CL - A1 0 whiskers re ta in  their strength 

to about 370O0F. 

40 percent) over O! - A1 0 

temperature,  

A di re  need exis ts  for high strength,  

An approach to a solution of 

Experience has a l ready been * 
0 

4 4 
It a lso has  a very  high potential strength- 

Per t inent  

In Figure 1 is presented 

B C ,  because of similar modulus of elasticity but 
4 

For example, B C whiskers should retair, significant levels of 
4 

0 

2 3  
Thus, B C potentially offers substantial improvement (about 

as a mater ia l  for strengthening composites at high 
4 

2 3  

Table I l is ts  the densities, moduli of elasticity and melting points for  

A s  can be noted B4C has the a number of refractory metals  and compounds. 

highest modulus /density ratio of any mater ia l  listed. 

* 
Naval Bureau of Weapons Contract NOW 60-0465d 
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The principal emphasis during this quarter  was on the synthesis of 

B C whiskers. 

grown by both methods. 

made since the whiskers produced were found to be of a size which would be 

more  practical  for use in composite materials.  

Two growth methods were investigated. B C crystals  were 

A decision to pursue one specific method has been 
4 4 
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11. WHISKER BACKGROUND 

It has been demonstrated that the reinforcement of a metallic mat r ix  

is possible through the use of non-metallic whiskers. 

properties of whiskers which make this possible. 

phenomenal strength which approaches the theoretical  values calculated 

f rom basic considerations of the nature of bonding in a perfect c rys ta l  lattice. 

Values of tensile strength may be as high as 6 x 10 

element or  compound considered. 

A. THE NATURE O F  WHISKERS 

There are severa l  

Foremost  is their 

6 
ps i  depending upon the 

A scientific curiosity for many yea r s ,  the fi lamentary c rys ta l  

(whisker) i s  now being evaluated as a potentially useful s t ructural  material. 

Silver hairs which a r e  whisker-like growths were reported by Ercke r  in 

1574. 

like crystal  forms  - -  whiskers - -  is somewhat unscientific but most  approri-  

ate. 

tensile strength approaching theoretical  values (strength values unattained by 

crystall ine mater ia ls  pr ior  to this time) took the whiskers f r o m  the 

mineralogist 's  curio box to the laboratory. 

has brought about much valuable knowledge and contributions to the fields of 

c rys ta l  growth mechanisms and of the strength of solids. 

( 3 )  

It is interesting to note that the discriptive nomenclature for  fine,  ha i r -  

The discovery by Galt and Herring(4) in 1952 that tin whiskers possessed 

The interest  generated in whiskers 

A distinction can be made between whiskers according to their origin. 

Whiskers can be grown f rom a melt;  f rom supersaturated gas  phases;  f r o m  

super saturated liquid phases;  f rom solutions; f rom chemical decomposition; 

by electrolysis o r  by growth f rom the solid. 

the migration of atoms to the whisker base without passing through another 

phase (solid - phase growth). 

surface migrations or  the diffusion of a toms along a dislocation. 

many of the above modes of growth do not produce whiskers without phase 

change, the crystal  perfection, defect s t ructures  and properties can be 

similar. 

whiskers together with postulated growth mechanisms is not contemplated here ,  

The "proper ' t  whisker grows by 

"Proper" whiskers are believed to fo rm by 

Although 

A discussion of the many systems which produce "proper o r  other 

6 
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CROSS-SECTIONAL AREA (SQUARE MICRONS) 

Figure 2. Relation Between Tensile Strength and Cross- 
Sectional Area  of o! - A1 0 Whiskers 

2 3  
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although many such studies and reviews are presented in contemporary 

scientific literature. 

The morphology o r  f o r m  which a whisker may  take can vary  greatly. 

Shapes described a s  I'kinked", "spiralled", "twisted", "hollow", etc have 

been reported. 

interest  a r e  solid and straight with a la rge  length-to-diameter ratio. 

Whisker diameters can vary  f r o m  submicron size to many thousands of 

microns and the whiskers may be many cent imeters  in length. Most whiskers 

a r e  single crystals with their principal geometric axis parallel  to a prominent 

crystallographic direction. 

However, the high strength whiskers of most  pract ical  

Most tensile strength determinations have been made on straight 

specimens. 

of whiskers increases  as the whisker diameter decreases .  

whiskers has been found to be 100 to 1000 t imes stronger than la rger  bulk 

c rys ta l s  of the same composition. 

is dependent on the degree of c rys ta l  perfection possible in such micro-  

crystals .  

by postulating slight differences in c rys ta l  and surface perfection, purity, 

surface films, etc. 

In general, as seen for alumina whiskers (Figure 2 ) ,  the strength 

The strength of 

One prominent theory of whisker strength 

Variations of strength between whiskers can then be rationalized 

Studies on the growth and properties of whiskers is a subject of much 

cur ren t  interest. 

growth systems and growth conditions appear endless. 

remains to be learned regarding the kinetics and mechanisms of whisker 

growth. However, studies a r e  being conducted to investigate process  

variables whereby whiskers can be grown in sufficient quantity and quality. 

B. GROWTH O F  WHISKERS 

Much data a r e  being accumulated but the variations of 

A great  deal 

1. Growth Mechanism 

A widely accepted mechanism of whisker growth is attributed to 

Sears(5) .  By applying the dislocation theory of c rys ta l  growth(6), he 

proposed that whiskers contain a screw dislocation along the crystal  

axis  which emerges a t  the tip. The whisker extends in length by 

a 



the addition of a toms to the protruding terminal of the screw dislocation 

while maintaining smooth la teral  surfaces. 

the following cr i te r ia  (a) that only one screw dislocation is present parallel  

to a major  crystal  axis and (b) during growth, the crystal  is unable to nucleate 

new layers  on its la teral  surfaces due to insufficient supersaturation of the 

The Sears  hypothesis contains 

vapor. 

Sears(7)  has  shown that the cri t ical  supersaturation c r i te r ia  is valid 

for the growth of whiskers, f rom the vapors of the following materials: 

mercury;  si lver;  zinc; cadmium; and calcium sulfide. 

the presence of screw dislocations within various whiskers has been presented 

by others,  most notably by Webb and Forgeng(8) for alumina whiskers. 

Indirect evidence of 

There are, however, many experimental observations which a r e  

inconsistent with the Sears  hypothesis. 

for specific surface activated impurities to produce small diameter high 

surface perfection  whisker^'^), (b) the presence of steps on the surfaces  of 

the whiskers as indicated by their tapers and over growth^'^) and (c) the absence 

of the elastic twis t s  in most whisker mater ia ls  as would be required for  the 

presence of axial screw dislocation(''). The presence of steps suggests that 

their  generation is not the ra te  limiting process in their growth and the 

absence of the elastic twist would require a much more  elaborate dislocation 

network if dislocation growth is involved. 

wi l l  be required before the exact mechanism of whisker growth f rom the 

vapor can be understood. 

4 

Notable among these are (a) the need 

Additional cr i t ical  experiments 

The growth of B C whiskers in the present study was accomplished 

utilizing the technique developed by Sea r s  for his studies of growth mechanisms. 

The essential  features of the growth experiments a r e  divided into two 

approaches; namely, (1) growth by the vaporization of bulk B C and (2)  growth 

by the dynamic flow of gases containing the atomic species essential  to the 

formation of B C. 

to grow B C whiskers. 

4 

There a r e  other methods which could conceivably be used 
4 

4 
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C. WHISKER USE 

Refractory inorganic single c rys ta l  whisker mater ia ls  have such 

pehnomenal strength and thermal  stability a t  elevated temperatures  that, 

depending on cost and availability, they w i l l  probably find many applications 

in rockets and miss i les ,  nuclear reac tors ,  supersonic jet a i rc raf t  and 

other types of mili tary weapons ( i t  is not intended to imply that mil i tary 

applications would necessar i ly  be the only potential for whiskers). The 

main potential use for whiskers is for the reinforcement of metals ,  plastics 

and ceramics for both low and high temperature applications. 

whisker materials,  such as the refractory oxides, a r e  usable a s  heat in- 

sulators ;  other whisker mater ia ls  may qualify as special liquid and gas 

f i l t e rs ,  and for use in instruments. With whisker composites, i t  appears  

reasonable that s t ructural  mater ia ls  may be developed which possess  a t  

least  an  order of magnitude increase in tensile properties compared with 

the best  materials available today, (for use in both ambient and elevated 

temperature applications). 

forcement may some day also become important, if the problems of 

availability and cost a r e  solved. 

D. OBJECTIVES AND APPROACHES 

Certain 

Cri t ical  applications other than those of re in-  

The development of high strength B C whisker reinforced composites 4 
cannot be achieved without an adequate supply of reproducibly high strength 

whiskers. Therefore, a systematic study of the growth parameters  for  this 

mater ia l  is actively being conducted. 

studying the formation of B C whiskers by the two aforementioned vapor 

methods. 

progressing. 

this technique. 

The specific approach, is that of 

4 
A study of the deposition of whiskers f rom the pure B C vapor is 4 

By far, the best B C whiskers to date have been made using 
4 

Although whiskers can be produced from the pure vapor, a process  

based on a chemical reaction in the vapor state would be advantageous f rom 

the standpoint of the lower reaction temperatures  involved, higher deposition 

r a t e s  (because of potentially higher operating pressures)  and more  precise  

10 



control of the gaseous species. 

involves the simultaneous flow across  a heated substrate of various gases 

(containing the essential  components necessary to produce the final 

stoichiometric B C)  is being studied. 

many process  variables, much experimentation is required to establish 

optimum growth conditions. 

achieved. 

for growing B C whiskers would be presently used as a means of accumulating 

a supply of B C whiskers. 

production chemical method wi l l  continue. 

Therefore, the chemical method which 

Because this la t ter  method has 
4 

Thus far ,  only limited success has been 

Therefore,  i t  w a s  decided that the pure vapor deposition method 

4 
In addition, investigation of the potentially higher 

4 
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111. EXPERIMENTAL PROCEDURES 

A. DESCRIPTION O F  EQUIPMENT 

Two high temperature res is tance heated vacuum deposition furnaces 

are  being used for this program. These furnaces are of a unique design that 

provide a long, very uniform (within t 5 C )  hot zone a t  temperatures  up to 

240OOC. 

0 
- 

The larger of these two furnaces (Fig. 3 )  has a hot zone 4-1/4" in 

diameter by 9 l l  long and the furnace is  pumped by a 50 c. f. m. Welsh Model 

1398 mechanical pump. 

of l e s s  than 1 micron (10 

graphite heating element of this furnace is operated at low voltage and high 

amperage by a combination of t ransformers  controlled by a saturable co re  

reactor.  

jacket of the furnace is water cooled. 

the top and one on the side of the furnace, allow observation of the inside 

of the furnace and the outside of the heating element respectively. 

temperature  is monitored with an optical pyrometer. 

This pump can evacuate the furnace to a p res su re  
- 3  

T o r r )  as monitored by a Pirani gage. The 

The element is insulated with graphite felt and the entire outer 

Two quartz viewing ports,  one on 

The 

The smaller of the two furnaces (Fig. 4) has a hot zone 1-3/4" in  

diameter by 7" long, and is pumped by a 5 C. f.  m. Welsh mechanical pump. 

This furnace is similar to the one described, except that it is smaller. 

The small furnace i s  provided with rotometers,  valving and manifolds t o  

allow combinations of gases  to  be admitted to the furnace during operation. 

It a lso has  a high temperature boiler pot t o  facilitate the introduction of 

less volatile compounds to  the furnace. 

B. MODES O F  OPERATION 

The two furnaces described above are being used concurrently t o  

investigate boron carbide whisker growth. 

the pure vapor method and the chemical method. 

Two methods are being evaluated, 

1. The Pure  Vapor Method 

In this method boron carbide is vaporized, and then recondensed in  

the fo rm of whiskers. A t  the bottom of the la rge  furnace, a 1" inside 

12 



Figure  3. Photograph of Large  Graphi te  Res is tance  Heated 
Furnace  with Hot Zone 4 1/4"  Diameter  by 9'' Long 

(About 1 /4 Actual S ize)  

13 



Figure 4. Photograph of a Smaller Graphite Resistance Heated 
Furnace with Hot Zone 1 3/4" Diameter by 7" Long 

(About 1 /2  Actual Size) 

14 



diameter by 3/8" deep ATJ graphite cup filled with boron carbide powder 

(F isher  Scientific Co., -320 mesh) is placed on a pedestal 2 inches into the 

hot zone. An ATJ graphite deposition mandrel  (Fig. 5) 3" in diameter by 

9" long reduced to a 1 -3/4" diameter by 5-1 /4" long chimney is placed 

over the cup in the furnace. 

zone and hence provides a temperature gradient at the upper end of the 

furnace. 

in the bottom one inch of the chimney section is 1700 C thus providing a 

cooler a r e a  for the deposition of the B C vapor(evaporated at 1900 C). During 

a typical run in which B C whiskers a r e  grown, the furnace pressure  is 

approximately 75 microns. 

The chimney section extends out of the hot 

0 
Typically when the furnace is operated at 1900 C, the temperature 

0 

0 

4 

4 

2. Chemical Method 

This method depends on the production of boron carbide in situ f rom 

a gas  phase reaction such as: 

4BC13 t CH t 4H2 - B4C t 12HC1 
4 

To produce whisker growths, it is usually necessary (1) to  have a suitable 

substrate on which the whiskers can nucleate and (2)  to add a catalyst o r  

impurity to promote the anisotropic growth. 

A 1" diameter by 8" long ATJ graphite deposition mandrel  is placed 

in the small  furnace and varying flows of boron trichloride (Olin Matheson- 

Technical grade),  methane (Olin Matheson-Commercial grade), and hydrogen 

(Burdett Oxygen Co. - 99.570)~ are passed through the furnace at temperatures  

ranging f rom 1500 - 1900 C a n d a t  pressures  varying f rom 12 m m  down to as 

low as 18 microns. 

of born carbide were obtained. 

0 

At  the higher pressures  and flow ra tes ,  anisotropic blades 

15 



IV. RESULTS AND DISCUSSION 

The boron carbide whiskers produced by the evaporating technique 

were examined by X-ray and electron diffraction techniques to confirm 

their  composition and structure.  

Photomicrographs of the whiskers a r e  shown in Fig.  6. 

whiskers produced appear to be a mixture (about 10 to 1) of high surface 

perfection whiskers dispersed among quantities of whiskers covered with 

overgrowths. The whiskers a r e  quite small. 

0.5 mm in length and 10 microns in diameter.  

size range in both length and diameter is f a i r ly  uniform. 

future handling of the whiskers for use in composites relatively simple since 

sorting o r  grading problems w i l l  be minimized. 

The resu l t s  a r e  summarized below. 

Thus far, the 

Their average s ize  is about 
I 

It is important to note that the 

This wi l l  make 

3 
The growth density appears to be high, approximately 10 whiskers 

I 

per  square centimeter a r e  present in the deposition zone. 

of the type shown in Fig. 5 was sectioned af te r  deposition and is shown in 

Fig.  7. 

the best whiskers made to date, and the approximate temperature profile of 

the tube and zone in which whisker growth takes place. 

the growth zone is shown in Fig.  8 a t  about 40X. 

whiskers tend to deposit on the peaks of the machining marks  on the ATJ 

graphite and branch out radially. 

A deposition tube 

Included on this Figure a r e  the operating conditions found to produce 

A typical a r e a  in 

It is to be noted that the 

A. B4C WHISKER CRYSTAL STRUCTURE 

X-ray and electron diffraction techniques were used to confirm that 

the whiskers produced by the methods described in this report  were boron- 

carbide, B C. 

follows : 

The resul ts  of this phase of the program a r e  summarized as 
4 

1. Specimen Preparation 

a. X-ray diffraction 

Special specimen preparation techniques were developed to 

handle the small crystals  (ca. l o p  diameter,  1 0 0 ~  length) for x-ray diffraction 

16 



Figure  5. Photograph of Sectioned Deposition Mandrel  
f r o m  Large  Furnace  (About 1 /2 Actual Size)  

17 



Figure 6. Photomicrographs a t  500x of B C Whiskers 
4 
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Figure  7. Section of Deposition Tube Indicating B C Whisker 
About 1 /2  A c t u a l  Size Operating Conditions: 

4 
Growth Region. 

1700°C @ 4 hours ,  75 1 p r e s s u r e  

19 



Figure 8. Deposition Zone at 40x Showing as-Deposited 
B 4C Whiskers 

20 



analysis. 

produced by rolling out o r  kneading a drop of Duco cement in which many 

whiskers had been embedded. 

cement by manipulating the drop over the inner surface of the tube on which 

the whiskers had been produced. The specimens so formed were examined 

in a cylindrical, powder x-ray camera.. 

It w a s  found that very suitable 'rat-tail' specimens could be 

The whiskers were picked up in the drop of 

b. Electron diffraction 

Specimens were very simply prepared by placing a standard 

copper electron microscope specimen screen,  which had previously been 

coated with a commercial  adhesive , in contact with the surface upon which 

the whiskers had grown. 

whiskers were collected in this manner and examined in an Hitachi HU-11 

* 
Quantities of suitably thin (ca. l O O O A  thick) 

electron microscope by means of selected a r e a  diffraction (a transmission 

diffraction technique). 

2. Results of Diffraction Studies 
~ ~~ ~~ ~ 

The results of both electron diffraction and x-ray diffraction studies 

indicated that the whiskers were (1) essentially boron-carbide with a 

stoichiometry of B C ,  (2)  single crystal  and ( 3 )  coated with a thin film of 

graphite. 
4 

Presented in Fig.  9 a r e  (a) a transmission electron photomicrograph 

of a 'typical' B C whisker and (b) an electron diffraction pattern of the same 
4 

whisker. 

by the nature of the spots in the diffraction photograph. 

separations (d-spacings) as calculated f rom the positions of the diffraction 

spots on this and similar diffraction patterns qualitatively agree  with those 

presented in the literature(") for B4C. In most  cases ,  the thicker whiskers 

(> 1000A) a r e  found to be coated with a thin film. 

examination of this film, in those regions in which the film is found to be 

lifted off of the whisker, indicates that it is graphite. 

It is to be noted that the whisker is a single crystal  as evidenced 

The interplanar 

0 
Electron diffraction 

* 
Adhesive w a s  supplied by Ernest  F. Fullam, Inc. 

2 1  



Magnification 11, 000 X 

Figure 9. Transmission Electron Photomicrograph of a Typical B C 4 
Whisker (a )  and an Electron Diffraction Pa t te rn  of the 

same Whisker (b)  

22 



Future repor t s  wi l l  include detailed discussions of the morphology 

and s t ructure  of B C whiskers. At such t ime,  complete descriptions of 

electron microscope and electron diffraction studies wi l l  be presented. 
4 

4: 
Shown in Fig. 10 is the x-ray diffraction photograph of a whisker 

specimen prepared in the manner described above. 

nature of the diffraction l ines in this photograph indicates that the kneading 

operation which w a s  employed in the preparation of the specimen has served 

to f racture  the whiskers and has  randomly dispersed the fragments within the 

specimen. 

f r o m  the photograph in Fig. 10. 

table with the published data (11) on B ~ C .  

The sharp ring-like 

In Table I1 a r e  presented the x-ray diffraction data as obtained 

The experimental data is compared in this 

* 
The photograph w a s  prepared using nickel filtered copper radiation 

( A  = 1.5405A) in a 57.3 mm diameter powder camera.  

23 



(002) graphite 

Figure 10. X-ray Diffraction Photograph F r o m  BqC 
Whisker Specimens. (Cu Radiation, 57. 3 mm 9 Camera)  

24 



TABLE I1 

X-RAY DIFFRACTION DATA FROM 

BORON CARBIDE WHISKERS 

COMPARED WITH STANDARD DATA FOR B 4 C  

From Diffraction F r o m  ASTM Card  
Photograph f rom Figure 10 

d(A) I 

m 4.47 

0 

- - 

ms 4. 05 

S 3. 78 

for  B4C (Card 6-0555) 
0 

- I d(A) ( h W  

30 4.49 101 

40 4.02 003 

70 3.79 012 

w w  

W 

3.20 

2.80 

vs 

ws 

w w  

S 

w w  

mw 

- -  
mw 

m 

m 

ms 

VW 

W 

W 

vw 

2.57 

2.38 

2. 31 

2.08 

1.81 

1. 71 

- - -  
- - -  
1.50 

1.46 

1.44 

1.40 

1.36 

1.33 

1. 31 

1.28 

80 

100 

10 

10 

10 

30 

10 

10 

20 

30 

30 

30 

2.57 

2.38 

2. 30 

2.02 

1. 82 

1.714 

1.637 

1.628 

1.505 

1.463 

1.446 

1.407 

104 

02 1 

113 

006 

211 

2 05 

116 

107 

303 

125 

01 8 

02 7 

20 1.345 009 

20 1. 342 131 

2 0  1.326 223 

10  1.286 2 08 
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TABLE I1 (continued) 

F r o m  Diffraction 
Photograph from Figure 10 

d(A) I 

W 1.26 

W 1.19 

0 

- - 

F r o m  ASTM Card 
F o r  B C (card  6-0555) 4 
c I - 4% (hkl) 

20 1.261 306 

10 1.191 0 42 

I = relative intensity; w = weak, m = medium, s = strong, v = very  

Note: B C is hexagonal, a. = 5.61A, co = 12.07A 4 

The excellent agreement between the experimental x-ray data and the 

published o r  reference data for B C indicates that the whiskers a r e  indeed 

B4C. 

can possibly be indexed as the (002) reflection for graphite ( 002 graphite = 

3.37A). 

the before mentioned electron diffraction observations. 

4 
The additional, medium strong, line ( see  a r row Fig. 10) with d = 3. 36A 

d 

The fact that graphite appears  to be present  is in agreement with 

26 



V. CONC LUSIONS 

Initial resu l t s  have been favorable and the following conclusions can 

be made: 

1. Boron carbide,  B C ,  whiskers have successfully been produced. 4 
This is the first synthesis of this mater ia l  to be reported. 

carefully investigate the process and to adjust the various growth parameters  

so that reproducibly high strength whiskers of more  reasonable lengths are 

produced, 

2. 

It remains to 

Of the two growth methods studied thus far, the pure vapor 

technique is the more  reproducible method. 
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VI. FUTURE WORK 

The operating parameters  found necessary  to produce B C whiskers 4 
(which include temperature,  t ime, p re s su re  and impurity additions) by the 

deposition of pure vapor will be studied in detail. Goals in this work w i l l  

include the growth of longer whiskers suitable for testing and their  sub- 

sequent evaluation as to strength properties. 

The advantages of the chemical system of whisker growth a r e  such 

that more  runs w i l l  be made to determine if  the process  can be made 

to work. 
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